The composition of much of Earth's lower continental crust is enigmatic. Wavespeeds require that 10-20% of the lower third is mafic, but the available heat-flow and wavespeed constraints can be satisfied if lower continental crust elsewhere contains anywhere from 49 to 62 wt% SiO 2 . Thus, contrary to common belief, the lower crust in many regions could be relatively felsic, with SiO 2 contents similar to andesites and dacites. Most lower crust is less dense than the underlying mantle, but mafic lowermost crust could be unstable and likely delaminates beneath rifts and arcs. During sediment subduction, subduction erosion, arc subduction, and continent subduction, mafic rocks become eclogites and may continue to descend into the mantle, whereas more silica-rich rocks are transformed into felsic gneisses that are less dense than peridotite but more dense than continental upper crust. These more felsic rocks may rise buoyantly, undergo decompression melting and melt extraction, and be relaminated to the base of the crust. As a result of this refining and differentiation process, such relatively felsic rocks could form much of Earth's lower crust. 
INTRODUCTION
Characterizing the composition of Earth's lower crust and understanding the physical and chemical processes that produced its characteristics are relevant to geodynamics, geochemistry, and seismology. For example, in geodynamics, we seek to understand where, why, and at what timescales and lengthscales body forces evolve. In geochemistry, we investigate how physical and chemical processes have shaped the differentiation of Earth's crust-for example, how radiogenic is lower crust? In seismology, we evaluate the constraints that wavespeeds provide about the composition of Earth's lower crust.
This manuscript builds on earlier reviews concerning continental crust (e.g., McLennan et al. 2005; Rudnick & Gao 2003 , 2014 , focusing on three questions specific to continental lower crust:
1. What is the composition of continental lower crust?
2. What major processes change the composition of lower continental crust?
3. What are the mechanisms and rates of continental crust recycling?
We begin by reviewing the compositions of lower crustal granulite-and amphibolite-facies terrains and continental granulite xenoliths, followed by the constraints on lower crust composition afforded by heat-flow and seismic wavespeed data sets. We conclude that Earth's crust is well described as a two-layer felsic crust in some tectonic settings and as a three-layer crust with a thin mafic lower crust in other settings. We then discuss proposed crustal differentiation and recycling mechanisms, emphasizing the potential importance of relamination.
THICKNESS, LAYERING, AND COMPOSITION OF CONTINENTAL CRUST
Earth's continental crust is widely believed to be andesitic to dacitic, with 57 to 66 wt% SiO 2 (e.g., Rudnick & Gao 2003 , 2014 , distinct from mafic oceanic crust, with 48 to 52 wt% SiO 2 , and from upper mantle residual peridotites, with <46 wt% SiO 2 . Compared with oceanic crust and upper mantle, continental crust has slower seismic wavespeeds and is less dense (Holbrook et al. 1992 , Rudnick & Fountain 1995 . How and when these attributes developed is understood in general, but not specific, terms. There is great variety in the chemical and physical properties within the crust-for example, the differences between Earth's sedimentary veneer and the crystalline rocks exhumed from the lower crust. There are also differences in the thickness of continental crustand the nature of the Mohorovičić (Moho) discontinuity-in different tectonic settings. Whether these downward changes in physical and chemical properties occur gradually or in distinct layers of regional significance is not well known.
Crustal Thickness
The release of considerable new seismic-refraction data from Russia and China in the early 1990s prompted reexamination of the thicknesses and wavespeeds of continental crust (e.g., Mooney et al. 1998) . Crustal thickness varies considerably with tectonic setting, but the average crust was determined to be ∼40 km thick (Figure 1a ) (Christensen & Mooney 1995 , Rudnick & Fountain 1995 . Recently, Huang et al. (2013) calculated a thinner average crustal thickness from the 2
• × 2 • CRUST2.0 wavespeed-thickness model (Bassin et al. 2000) -principally because CRUST2.0 includes substantially more submerged continental crust. They then merged that with global gravity data (suggesting 32.7 km) and surface-wave dispersion data (34.8 km) to yield an average crustal thickness of 34.4 ± 4.1 km (Figure 1b) . The most recent wavespeed-thickness In spite of these limitations, layers are widely used in the literature to describe crust. Rudnick & Gao (2003 , 2014 , for example, used upper, middle, and lower crustal layers with thicknesses of 12, 11, and 17 km, respectively, following from their previous work (Gao et al. 1998 , after Rudnick & Fountain 1995 . The CRUST1.0 model yields areally weighted average thicknesses of 13. 5, 11.7, and 10 .9 km for upper, middle, and lower crust, respectively ( Table 1) .
To characterize the composition of continental granulite-facies terrains, Rudnick & Presper (1990) assembled a database of rock compositions from Archean and post-Archean terrains recrystallized at >0.6 GPa. Huang et al. (2013) updated this database and added a compilation of amphibolite-facies samples. We augmented their granulite data with additional analyses from the literature, and here we draw conclusions from the augmented data set ( Figure 2 , Table 2, and  Supplemental Tables 1 and 2 ; follow the Supplemental Material link in the online version of this article or at http://www.annualreviews.org/); we use median values for major elements, normalized to 100%, and log-normal average (exp{average[ln(x 1 , x 2 . . .x n )]}) values for trace elements. Only a small fraction of geochemical studies of granulite terrains have been done in a systematic manner (e.g., with gridded sample locations or by weighting individual analyses by exposure area), so the database is mainly composed of samples said to be representative or chosen for some particular reason (e.g., study of charnockite formation). This has caused an unquantifiable skewing of the database. A time-consuming but useful addition to our knowledge would be true grid sampling of key granulite terrains.
The updated database of Archean granulite-facies terrains ( Table 2 ) shows minor differences from Rudnick & Presper's (1990) values (also normalized to 100%). The new composition for Archean terrains has 10-20% more Mg, Sc, Ni, and Cu; 10-30% less rare earth elements (REEs), Sr, Y, Zr, Nb, and Ba; and 20-40% less Rb, Hf, Ta, Th, and U; the reduced trace-element concentrations are amplified by our choice of log-normal average, rather than median, values. This results in a heat-production rate of 0.36 μW/m 3 (Supplemental Table 3 ), 25% less than reported by Rudnick & Presper (1990) . [We follow Rudnick & Presper (1990) and Huang et al. (2013) in excluding X-ray fluorescence measurements of Th and U.] The new composition for post-Archean granulite terrains also is somewhat different from the median composition determined by Rudnick & Presper (1990) . The new composition has 10-20% more Mn, Mg, Ca, Cr, Ni, and Cu; 10-20% less Sc, Ga, and Ba; 20-40% less Co, Zn, Rb, Y, Zr, REEs, and U; and 70% less Nb and Th. This results in a 40% lower heat-production rate of 0.41 μW/m 3 (the rate in table 4 of Rudnick & Presper 1990 should read 0.69 μW/m 3 , rather than 0.53 μW/m 3 ). The updated database preserves the general differences between Archean and post-Archean terrains noted by Rudnick & Presper (1990) : The younger terrains are enriched relative to the older terrains in Fe, Mg, Ca, P, Ti, Sc, V, middle rare earth elements (MREEs), heavy rare earth elements (HREEs), Hf, Ta, and U and depleted in Si and some large-ion lithophile elements, including K, Pb, and Th. Both are quite silica rich: 69 and 64 wt% (dacitic or granodioritic).
The compilation of amphibolite-facies metamorphic terrains (Huang et al. 2013 ) has median and log-normal average values similar to those of post-Archean granulites, with 64 wt% SiO 2 , but has higher MREEs, HREEs, Li, Rb, Cs, U, and Th. Figure 3 shows that the median and lognormal average amphibolite-facies rock composition falls within the range of estimates for bulk continental crust for an extensive suite of major and trace elements, whereas the granulite terrains and xenoliths are significantly depleted in Ta, U, and Th compared with bulk continental crust.
It is evident from Figure 2 that describing the data with a single median or log-normal average value masks richness in the data. The SiO 2 values from Archean granulites are bimodal, perhaps reflecting the bimodal mafic (greenstone)-felsic (granitoid) association often said to be characteristic of the Archean (e.g., Barker & Peterman 1974) . The SiO 2 values from amphibolite-facies and post-Archean granulite-facies rocks also show a bimodal distribution, and they include a larger number of mafic rocks than the compilation of samples from Archean terrains. K 2 O and Th are markedly enriched in silica-rich compositions (69-79 wt% SiO 2 ) compared with more mafic compositions (48-56 wt% SiO 2 ), whereas U is less so. These values reflect the fact that the compiled compositions of samples from both Archean and post-Archean granulite-facies terrains include a
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Annu. Rev. Earth Planet. Sci. 2015.43:167-205 large proportion of quartzofeldspathic gray gneiss, but post-Archean granulites also include heterogeneous mixtures of more felsic to more mafic rocks of igneous and sedimentary parentage (see references in database). Figure 2 emphasizes that granulite and amphibolite terrains are composed of four types of rock: (i ) 1 Clearly much of the rock exposed in granulite terrains is metasedimentary, rather than igneous as commonly assumed.
Number of measurements

Xenoliths. Granulite xenoliths from continental volcanic centers were first used systematically to infer the composition of lower crust by Rudnick and coworkers (Rudnick & Fountain 1995; Rudnick & Gao 2003 , 2014 Rudnick & Presper 1990 ) in preference to the more-evolved samples of granulite terrains. Rudnick & Presper's (1990) xenolith database was updated by Huang et al. (2013) , resulting in a new median/log-normal average xenolith composition with 20-50% more K, Cu, Ga, Rb, Zr, Cs, Nd, and Th; twice as much Pr and Pb; 60% more U; and 20% less Sc, Tb, Dy, and Ho (Table 2, Figure 3) . Most of the xenoliths in the database are mafic meta-igneous rocks, but they include ∼15% metasedimentary rocks (Figure 2 ) .
There are limitations to using xenoliths as samples of lower crust:
1. Xenoliths erupted from lower crustal depths may be atypical because the basaltic lavas that host most xenoliths may have insufficient buoyancy to erupt through felsic lower crust ( Jaupart & Mareschal 2003) or may preferentially assimilate felsic xenoliths (Halliday et al. 1993 , Rudnick & Fountain 1995 ). 2. Many of the xenoliths in the database do not contain garnet. This is odd for a lower crustal rock (Supplemental Figure 1) , almost regardless of composition, and suggests that such xenoliths were not derived from lower crust (Rudnick 1992 ). 3. Many granulite xenoliths have Pb isotope compositions that are more evolved than those of mantle, suggesting that the xenoliths became granulites in the Phanerozoic and may not be representative of Precambrian lower crust. The Pb isotopic ratios also indicate that lower crust was once more U rich and has since been depleted in U, perhaps by Phanerozoic partial melting and melt extraction (Rudnick 1992 , Rudnick & Goldstein 1990 ).
Because of these limitations, mafic-dominated, garnet-poor xenoliths may be unrepresentative of lower crust.
Comparison with volcanic arcs. Overall, as foreshadowed by Kelemen & Dunn (1993, figure 1 ) and illustrated in Figures 3 and 4 , rock associations potentially representative of lower continental crust are strikingly similar to estimated bulk continental crust in their trace-element composition. The compositions of granulite xenoliths and granulite-and amphibolite-facies terrains, and all previously proposed compositions for lower, upper, and bulk continental crust (Figure 4a Amphibolite terrains (Huang et al. 2013) Lower crust (Rudnick & Gao 2003 , 2014 Granulite xenoliths (Huang et al. 2013) Archean granulites (Huang et al. 2013 ; this study) Post-Archean granulites (Huang et al. 2013; this lie along a major-element trend similar to the calc-alkaline differentiation series in volcanic arcs (Figure 4c )-with nearly constant Mg# [Mg/(Mg + Fe)] over a range of SiO 2 contents, as noted in many papers. We wish to emphasize once more that the calc-alkaline trend is nearly unique to volcanic arcs, whereas the tholeiitic differentiation trend-illustrated here using mid-ocean ridge basalt glasses (Figure 4d )-characterizes magma from mid-ocean ridges, ocean islands, large igneous provinces, and volcanic arcs. The similarity between continental crust and calcalkaline arc lavas and plutons, which extends to many trace-element characteristics, has given rise to the long-standing hypothesis that calc-alkaline arc magmatism-and/or geochemically similar Archean processes-played a key role in forming continental crust (e.g., Ringwood & Green 1966 , Taylor 1967 .
That said, it is important to note the substantial differences between the rock associations representative of continental lower crust and two well-documented examples of arc lower crust in the Jurassic Talkeetna and Cretaceous Kohistan arc sections. The lower crust compositions shown for these arcs in Figure 3b are only for gabbroic rocks that are less dense than underlying mantle peridotite; these compositions would remain in arc crust after it underwent proposed density sorting (see below). It is clear that arc lower crust is significantly depleted in MREEs, light rare earth elements (LREEs), Zr, Hf, Nb, Ta, K, U, Th, and Rb relative to any proposed continental lower crust composition, even after possible delamination has removed dense ultramafic cumulates and garnet granulites.
Heat-producing elements. Median and log-normal average values for granulite-facies metamorphic terrains and xenoliths are significantly depleted in U and Th compared with bulk continental crust, in keeping with detailed observations of Kilbourne Hole xenoliths by Reid et al. (1989) . In addition, the median and log-normal average xenolith compositions are strongly depleted in Si and K relative to bulk continental crust, and strongly depleted in U and Th relative to granulite terrains and amphibolites.
Summary
The average craton, shield, and Paleozoic-Mesozoic orogen is 39-40 km thick. Cenozoic collision zones are considerably thicker, but are balanced by the 25% of continental crust that is thin and submerged, resulting in an average crustal thickness of 36 km ( Table 1) .
If the lower crust is similar to granulite-facies terrains, it may be on average dacitic to andesitic with modest radiogenic heat production. If the lower crust is similar to xenoliths, it is mafic with low radiogenic heat production. The stark difference between these choices has led to the use of heat flow and seismic wavespeeds to aid in choosing a composition for lower crust (see the next section). . .x n )]}) of major-and trace-element concentrations from rock suites potentially representative of continental lower crust, normalized to estimated bulk continental crust from Rudnick & Gao (2003 , 2014 . Light and dark gray fields delineate all published estimates for bulk continental crust and lower continental crust, respectively, as compiled by Rudnick & Gao (2003 , 2014 and Kelemen (1995) . (b) Log-normal average values for the composition of arc lower crust from the Jurassic Talkeetna arc section (Kelemen et al. 2003a (Kelemen et al. , 2014 and the Cretaceous Kohistan arc section ( Jagoutz & Schmidt 2012) , compared with selected ranges for continental lower crust. Note that the three alternative compositions for the Kohistan lower crust are log-normal average values, not average values, but use the same proportions of crustal units as did Jagoutz & Schmidt (2012) . (c) Log-normal average values for buoyant materials from arc crust (Kelemen & Behn 2015) . Abbreviation: IBM, Izu-Bonin-Mariana. (a) Median values of wt% SiO 2 and molar Mg/(Mg + Fe), or Mg#, for published estimates of the composition of bulk, upper, and lower continental crust compiled by Rudnick & Gao (2003 , 2014 and Kelemen (1995) . (b) As for panel a, but with additional bulk compositions discussed in the text. Median values for buoyant arc lithologies are from Kelemen & Behn (2015) . (c) Transitional and calc-alkaline magmatic trends as represented by Aleutian lava compositions (Kelemen et al. 2003b , Singer et al. 2007 , Yogodzinski et al. 2015 . (d ) Tholeiitic magmatic trend as represented by mid-ocean ridge basalt glasses (Su 2002 ) and whole-rock data from mid-ocean ridges (Wanless et al. 2010 ) and the Izu-Bonin-Mariana arc ( Jordan et al. 2012 ).
Compositions of Aleutian lavas
PHYSICAL PROPERTIES OF LOWER CONTINENTAL CRUST
Heat Production
The heat-flow balance for continental crust (surface heat flow = mantle heat flow + crustal heat production) imposes constraints on the U, Th, and K contents of lower crust ( Table 3) . Inferred abundances of heat-producing elements suggest a heat-production rate of 1.6 μW/m 3 for upper crust (Rudnick & Gao 2003 , 2014 though even these wide bounds are subject to the uncertainties noted by Morgan et al. (1987) . Surface heat-flow measurements are quite variable (e.g., the entire range for Precambrian terrains is 15-92 mW/m 2 ), with averages of 46 mW/m 2 for Precambrian terrains and 58 mW/m 2 for Paleozoic terrains ( Jaupart & Mareschal 2003) .
In Rudnick & Gao's (2003 , 2014 ) three-layer model, a 40-km-thick crust and a high mantle heat flow of 17 mW/m 2 require a 17-km-thick lower crust with a heat-production rate of ≤0.2 μW/m 3 , implying that the lower crust contains a low proportion of heat-producing elements, for example, 0.6 wt% K 2 O, 1.2 ppm Th, and 0.2 ppm U (Figure 1a, Supplemental Table 3b ). This low inferred heat-production rate, together with the compositions of post-Archean continental granulite www.annualreviews.org • Continental Lower Crustxenoliths that were assumed to be representative of the mafic component of lower crust (see the next section), led Rudnick & Gao (2003 , 2014 to the conclusion that lower crust is predominantly (80%) mafic rock. Huang et al. (2013) embraced the same concept for their 34-km-thick crustal model (Figure 1b, Supplemental Table 3b ).
However, neither mantle heat flow nor the distribution of heat-producing elements in crust is well known. For example, if either mantle heat flow or the concentration of heat-producing elements in middle crust has been overestimated, the heat-producing element concentration in lower crust could be substantially higher, and thus the lower crust could contain more U, Th, and/or K. As an extremum (Figure 1c) , Hacker et al. (2011 ) used Michaut et al.'s (2009 lower bound on mantle heat flow through Precambrian terrains and showed that it is possible to fit the surface heat-flow constraint for a 40-km-thick crust by using a 26-km-thick lower crust with the median composition of post-Archean granulites from Rudnick & Presper (1990; database updated in 2003) , with 64 wt% SiO 2 and a heat-production rate of 0.7 μW/m 3 ( Figure 1c) . In this case, no mafic lower crust is required by the heat-flow data (Supplemental Table 3b ).
Wavespeeds
Seismic wavespeeds have been used to infer the composition of lower crust (Christensen & Mooney 1995 , Holbrook et al. 1992 , Pakiser & Robinson 1966 , Rudnick & Fountain 1995 by reference to the wavespeeds of rocks measured in the laboratory (e.g., Birch 1961) . Comprehensive summaries of seismic wavespeeds from lower crust were provided by Holbrook et al. (1992) , Christensen & Mooney (1995) , and Rudnick & Fountain (1995) ; additional studies are summarized in Figure 5 . All of these studies assigned each measured crustal section to a different tectonic setting and divided the crust into layers. The median thickness of the lower crustal layer in Rudnick & Fountain's (1995) analysis is 12 ± 9 km, and that in CRUST1.0 is 11 km.
As noted in previous studies, there are clear differences in V P of lower crust among different tectonic settings (Figure 5 ). Shields and platforms, the most abundant type at 49% area, have a relatively symmetrical distribution of speeds from 6.6-7.5 km/s. All other types of crust have a broader range of lower crust V P , down to 6.0 km/s and up to 7.7 km/s.
The faster wavespeeds for lower crust (6.8 km/s and greater) are similar to those measured for mafic rocks in the laboratory, leading many (e.g., Christensen 1989 , Christensen & Mooney 1995 , Rudnick & Fountain 1995 to the conclusion that lower crust is chiefly mafic. This conclusion is not robust, however, as a large fraction of these speeds can also be satisfied by rocks that are not mafic (Behn & Kelemen 2003 , Holbrook et al. 1992 , Pakiser & Robinson 1966 , Reid et al. 1989 , Rudnick & Fountain 1995 . Below we assess the utility of wavespeeds to make general inferences about the SiO 2 content of lower crust.
Using wavespeeds alone to infer crustal composition. Many papers (e.g., Kern et al. 1996 , Miller & Christensen 1994 , Musacchio et al. 1997 have noted a relationship between rock composition and V P , V S , or V P /V S ; some have implied that wavespeeds can be used to determine Earth composition at depth (see the review in Behn & Kelemen 2003) . Christensen (1996) , for example, reported a correlation between V P /V S and SiO 2 content for rocks with SiO 2 = 55-100%; the r 2 value of 0.99 reported in that paper has been taken by many to imply that V P /V S is an accurate predictor of the silica content of continental crust. Most recently, Huang et al. (2013) noted the correlation between SiO 2 content and laboratory V P measurements on igneous rocks and used V P from the CRUST2.0 model (Bassin et al. 2000) to infer the composition of lower crust. This approach has several limitations: (i ) Lower crust is not necessarily igneous; (ii ) the V P values in the CRUST2.0 model are not in situ measurements but instead are averages for different tectonic settings; (iii ) the use of regressions yielding a single SiO 2 content for a given V P and/or V P /V S obscures the fact that rocks with a variety of SiO 2 contents can have the same V P and/or V P /V S ; and (iv) the precision of measurement for V P /V S in middle and lower continental crust is poor. The limitations of using wavespeeds to infer rock composition have long been appreciated (Rudnick & Fountain 1995) . Figure 6a ,c,e illustrates this by comparing rock wavespeeds and bulk compositions measured in the laboratory for a larger data set than was used in earlier studies. We restrict comparison to isotropic speeds and to averages of anisotropic velocities reported from laboratory experiments at 25
• C and 600 MPa but include a broad range of plutonic, metasedimentary, and meta-igneous crustal rock compositions of amphibolite to granulite facies. An alternative and complementary approach for estimating the relationship between seismic velocity and composition is to use a thermodynamic model to determine the mineral assemblages that crystallize from a particular bulk composition at a given pressure and temperature (Figure 6b,d,f ) . V P and V S of the resulting equilibrium phase assemblage can then be estimated from the elastic properties of each constituent mineral on the basis of mixture theory (e.g., Babeyko et al. 1994 . This approach avoids some of the difficulties associated with laboratory measurements by eliminating the problem of residual porosity or alteration and allowing efficient calculation of seismic velocities for many compositions over a wide range of P-T conditions (e.g., Behn & Kelemen 2003 , but it is limited by the accuracy of the thermodynamic models and elastic moduli. Figure 6b,d,f shows seismic velocities calculated from the thermodynamic software Perple_X for Huang et al.'s (2013) database of xenolith compositions and our updated compilation of samples from Archean and post-Archean terrains (Tables 1 and  2 ). These calculations yield remarkably similar relationships between V P and V P /V S compared with the laboratory data. Figure 6 shows that, regardless of approach, there are limits to the accuracy with which composition can be inferred from isotropic V P and/or V P /V S . The reason for this is that the wavespeeds of quite different rocks overlap substantially. For example, rocks ranging in composition from quartzose (80% SiO 2 ) to carbonate (0% SiO 2 ) to mafic all can have V P = 6.5-7.2 km/s and V P /V S = 1.6-1.9. Because experimentalists have focused on mafic lithologies, commonly inferred to comprise both continental and oceanic lower crust, a histogram of SiO 2 content for experimental samples with, for example, V P /V S from 1.71 to 1.76 indicates that a majority of these samples have SiO 2 < 55 wt% (Supplemental Figure 2) . However, in contrast, a histogram of V P /V S for samples with 55 to 65 wt% SiO 2 indicates that the most common V P /V S for such samples is also between 1.71 and 1.76.
In addition to the various uncertainties in linking SiO 2 to seismic wavespeeds, SiO 2 is not well correlated with rock composition. A material with 50-60 wt% SiO 2 could be mafic (e.g., a gabbro), but it could also be aluminous metasedimentary rock or quartzofeldspathic rock of sedimentary or igneous provenance. Thus, statements such as "With the exception of marble and anorthosite, rocks with velocities between 6.5 km/s and 7. 0 km/s are mafic" (Christensen & Mooney 1995, p. 9779) are misleading. However, wavespeeds greater than 7.0-7.2 km/s, depending on the geotherm, are reasonably reliable indicators of mafic lower crust (<55 wt% SiO 2 ); this limit is marked by the dotted line labeled "mafic" in Figure 6a .
Extrapolating laboratory V P and V P /V S to lower crustal conditions. To be able to interpret lower crustal wavespeeds, data measured at laboratory conditions (e.g., 25
• C and 0.6 GPa) must be extrapolated to lower crustal conditions. This extrapolation is usually done using scalars for ∂V/∂T and ∂V/∂P (e.g., Christensen 1989 , Rudnick & Fountain 1995 . The accuracy of this approach can be seen in Supplemental Figure 3 , which depicts the correction that must be applied to extrapolate V P and V P /V S measured at 25
• C and 0.6 GPa to ambient lower crustal conditions of 1 GPa and 300
• C, 500
• C, and 900
• C [conditions that correspond to the "cold," "average," and "hot" orogens of Christensen & Mooney (1995) . It is clear from Figure 6 Wavespeed versus SiO 2 at 25 • C and 600 MPa, measured for a broad range of rocks (panels a, c, and e; references in Supplemental Figure 2 ) and calculated for granulite-facies xenoliths and terrains (panels b, d, and f ). V P and V P /V S are generally poor indicators of SiO 2 content and even poorer indicators of rock type. The dashed line in panel a shows the approximate limit on the velocities of mafic rock in crust with cold and average thermal gradients (see Figure 7) . do not fit all rock types or P-T conditions: extrapolation is modest for "cold" and "average" orogens (e.g., ∼0.15 km/s for V P ) but large for SiO 2 -rich compositions in "hot" orogens because of the odd elastic properties of quartz. We improve on the linear ∂V/∂T and ∂V/∂P approach by correcting laboratory measurements in Figure 6 using the relationships in Supplemental Figure 3 and applying it to the data sets in Figure 5 . This results in minor displacements of the "mafic" discriminant boundary in Figure 7a ,b relative to Figure 6 , and more significant shifts in Figure 7c ,d.
Mafic rock in lower crust. The locations of the "mafic" discriminant boundaries in Figures 6 and 7 indicate that most lower crustal V P measurements are not indicative of a specific rock type and could correspond to mafic or felsic rock. Only a fraction of the reported V P values require the presence of mafic rocks in lower crust. To quantify the amount of mafic lower crust that must be present in various tectonic settings, we compute the fraction of V P values faster than the "mafic" discriminant boundaries in Figures 6 and 7 (indicated with gray brackets in Figure 7) . We use three methods: (i ) the cross-sectional areas of Holbrook et al.'s (1992) measurements, (ii ) the cross-sectional areas of the additional data in Figure 5 , and (iii ) the layer thicknesses in Rudnick & Fountain's (1995) data; we do not use the thickness of the lower crust nodes in CRUST1.0 because these are averages that obscure fast outliers. These percentages are subject to considerable uncertainty, but they indicate that ∼20-30% of the lower crust beneath shields (corresponding to a thickness of ∼2.2-3.3 km) must be mafic and ∼10-20% of the lower crust elsewhere (∼1.2-2.4 km) must also be mafic. Weighting these percentages by the area of the four tectonic settings in Figure 7 suggests that ∼20% (2.4 km) of the overall lower crust must be mafic.
MOST LOWER CRUST NEED NOT BE MAFIC
Thus, seismic wavespeeds constrain the composition of a restricted portion of lower crust but do not constrain the composition of most lower crust. Lower crust could be relatively felsic, like granulite-and amphibolite-facies terrains, or relatively mafic, like continental granulite xenoliths. These points are quantitatively illustrated in Figures 8 and 9 . Both figures use the compositions of granulite-facies terrains, granulite-facies xenoliths, and amphibolite-facies terrains in Supplemental Tables 1 and 2 and from Huang et al. (2013) . The seismic properties and densities were calculated using Perple_X (version 6.6.7) for these compositions, assuming 1 wt% H 2 O (amphibolites) or 0.5 wt% H 2 O (granulites). For lower crust, wavespeeds and densities were calculated at 500 • C and 1.0 GPa for phase assemblages equilibrated at 650 • C (amphibolites) or 750 • C (granulites) and 1.0 GPa. For middle crust, wavespeeds and densities were calculated at 375
• C and 0.7 GPa for phase assemblages equilibrated at 650
• C (amphibolites) or 700 • C (granulites) and 0.7 GPa.
We compare these thermodynamic calculations to our global compilation of seismic wavespeeds for the lower and middle continental crust (Supplemental Figure 4) . Lower crust is dominated by V P = 6.7-7.3 km/s and V P /V S = 1.67-1.78; broader V P /V S bounds of 1.68-1.85 are indicated by Poisson's ratios of 0.25-0.27 and 2% uncertainties in V P and V S . As illustrated in Supplemental Figure 4 , middle crust is dominated by V P = 6.5-6.8 km/s and V P /V S = 1.65-1.80. Figure 9 summarizes the compositions of samples that could comprise middle and lower continental crust based on seismic wavespeeds. From these data, middle crust could have between 49 and 88 wt% SiO 2 (90% of the samples have a narrower bound, 54-78 wt% SiO 2 ), and lower crust could have between 40 and 66 wt% SiO 2 (90% have 48-61 wt% SiO 2 ). There is a broad compositional range of samples, with 49 to 66 wt% SiO 2 , that could be representative of both middle and lower crust (red circles in Figure 9) . Thus, there is no requirement from seismic Use of V P to assess mafic rock content and density instability of lower crust: (a) shields and platforms; (b) Paleozoic-Mesozoic orogens; (c) rifts, arcs, and volcanic plateaux; and (d ) continent collision zones. Mafic rocks are likely present at V P above the discriminant dotted line (from Figure 6 , adjusted for "cold," "average," and "hot" geotherms). Gray brackets show the percentage of mafic rocks by area from H92 (Holbrook et al. 1992 ) and this study, and by thickness from RF95 (Rudnick & Fountain 1995) . The majority of V P measurements from lower crust ( Figure 5) are not indicative of a specific rock type and could be from quartzofeldspathic rock, mafic rock, or a mixture thereof; mafic rocks comprise significant sections of the lower crust of shields and platforms and of rifts, arcs, volcanic plateaux. Densities of lower crust are inferred from V P (Supplemental Figure 5) . Densities likely to be gravitationally unstable with respect to the underlying mantle fall in gray fields. Most lower continental crust is gravitationally stable.
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Lower crust Middle crust Relationships between SiO 2 and V P of amphibolite-to granulite-facies xenolith and terrain samples with calculated V P and V P /V S values that match observed constraints for (a) middle crust or (b) lower crust of shields and platforms and Paleozoic-Mesozoic orogens.
Red circles indicate rocks that satisfy constraints for both middle and lower crust. wavespeeds for systematic SiO 2 variation as a function of depth in the middle and lower continental crust. Instead, gradually increasing V P with depth could be due to mineralogical changes in rocks of constant average SiO 2 content. Unlike the compiled data for all granulite-facies samples, there is a broad correlation between V P and SiO 2 among the samples that fit the lower crustal seismic constraints (Figure 9 ). No such relationship is observed for samples that fit middle crustal seismic constraints. We stress that the sample compositions that are consistent with seismic constraints are not distributions with a significant mean value and variation due to measurement uncertainty-they are simply ranges of permissible values. Thus, there is no reason to infer that a sample in the center of these ranges is any more or less likely to be representative of middle or lower crust than is a sample near the outer bounds.
To emphasize the point that a range of major-element and median trace-element compositions are consistent with the seismic constraints, Table 4 shows two endmembers that span the range of SiO 2 values and two endmembers that span the range of V P values in Figure 9 . The compositions are compared with other estimates of bulk continental crust and lower crust in Figure 10 . Supplemental Table 4 provides additional data for compositions that lie between these endmembers.
Potential Lower and Middle Continental Crust Compositions
In Figure 11 , Table 3 , and Supplemental Table 3 , we explore the additional constraints that heat flow provides on the composition of lower crust. We focus on shields and platforms because they have the best-measured heat flow, their geotherms are more likely to be in steady state, and they constitute half of Earth's continental crust ( Table 1) . Table 4 summarizes average compositions derived from the calculations illustrated in Figures 8 and 9 , with calculated heat production for a variety of possible middle and lower crustal compositions and calculated heat flow for bulk crust formed from various possible combinations of upper, middle, and lower crust compositions. We provide averages for samples satisfying lower crustal constraints that have 45-50 wt% SiO 2 (average V P = 7.2), V P = 7.1-7.3 km/s (average 51 wt% SiO 2 ), 60-65 wt% SiO 2 (average V P = 6.8), and V P = 6.7-6.9 km/s (average 58 wt% SiO 2 ). Similarly, we provide averages within selected bounds of SiO 2 and V P for samples meeting middle crustal constraints. These have 53, 63, 68, and 70 wt% SiO 2 and V P = 6.7, 6.7, 6.7, and 6 .6 km/s, respectively. We also provide average compositions for the case in which middle and lower crust have the same composition, with 57 wt% SiO 2 . This composition has lower and middle crustal V P of 6.9 and 6.7 km/s, respectively. All these different potential lower and middle crust compositions have V P /V S ratios of 1.71-1.76, within the range of observed values (Supplemental Figure 4) .
Combining the most-mafic middle and lower crust averages yields a bulk crust with 56 wt% SiO 2 . For shields and platforms with a mantle heat flow of 11-18 mW/m 2 , this combination leads to a surface heat flow of 40-47 mW/m 2 (Tables 3 and 4, Supplemental Table 3 ). Combining the most-felsic middle and lower crust averages gives a bulk crust with 65 wt% SiO 2 
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lower crust with V P faster than 7.0 km/s must be as rich in heat-producing elements as the felsic endmember used here. Thus, selecting samples on the basis of seismic wavespeeds yields possible crustal compositions that all have surface heat flow within reasonable bounds for continental crust.
DIFFERENTIATION OF CONTINENTAL CRUST
The origin of continental crust remains enigmatic. The principal conundrum to be resolved is how an andesitic to dacitic continental crust has formed when most mantle-derived magmas are basaltic. As noted above, the similarity in major-element and trace-element composition between bulk continental crust and calc-alkaline arc andesites has led to the widely held hypothesis that continental crust includes a high proportion of arc andesites plus their plutonic equivalents. The fact remains, however, that most primitive arc lavas, with Fe/Mg close to equilibrium with mantle peridotite, are basalts (compilation in Kelemen et al. 2003a Kelemen et al. , 2014 . Further, seismic velocities in arc lower crust are systematically faster than in continental lower crust (Calvert 2011 , Hayes et al. 2013 . And, the composition of arc lower crust-even after proposed density sorting by Endmember log-normal average compositions from Table 4 of (a) middle and (b) lower continental crust that satisfy V P and V P /V S constraints. (c) Resulting bulk continental crust compositions computed as 25 km of middle and lower crust beneath 14 km of the upper crust of Rudnick & Gao (2003 , 2014 .
2 -is significantly more depleted in highly incompatible elements compared with continental lower crust (Figure 3) (this paper; Kelemen & Behn 2015) .
Differentiation of basaltic crust to produce an andesitic crust has been explained as the result of (i ) weathering (Albarede 1998 , Lee et al. 2008 , Liu & Rudnick 2011 , (ii ) crust formation from mantle-derived andesitic magmas (Kelemen 1995) , (iii ) mixing of basaltic rock with silicic rock derived by partial melting of mafic, subducting crust (Martin 1986 ), (iv) lower crustal delamination (Arndt & Goldstein 1989 , Herzberg et al. 1983 , Kay & Kay 1991 , Lee 2014 , Ringwood & Green 1966 , and/or (v) relamination ). Here we contrast the two latter, dynamical processes driven by density variations.
Delamination
To serve as effective differentiation processes, both delamination and relamination require that mantle melting produces differentiated crust in island arcs, and that this raw material is subsequently refined into continental crust. Because most island-arc lavas and plutons are more mafic than continental crust (Kelemen et al. 2003a (Kelemen et al. , 2014 , the refining process must selectively return mafic material to the mantle and leave a more-felsic crust behind.
Lower crustal delamination occurs when lower crust and/or underlying mantle lithosphere become gravitationally unstable at temperatures high enough for vertical viscous flow. Igneous processes can lead to delamination if magma intruded into the crust forms a buoyant differentiate that is retained in the crust, plus a dense, ultramafic residue that sinks into the mantle (Figure 12a ) (Arndt & Goldstein 1989 , Herzberg et al. 1983 . Metamorphic processes can also lead to delamination if enough garnet grows in mafic rock (Figure 12b ) (Kay & Kay 1991 , Ringwood & Green 1966 , typically at depths greater than 35 km.
Delamination of 1-10-km-thick layers that are ≤300 kg/m 3 denser than mantle can occur at timescales of 1-10 Myr if the Moho temperature is ≥900
• C (Figure 13 ) ( Jagoutz & Behn 2013 , Jull & Kelemen 2001 . The median amphibolite-and granulite-facies terrain compositions are gravitationally stable with respect to underlying mantle peridotite even at eclogite-facies conditions, whereas the compositions of median granulite xenoliths and many lower crustal rocks in two well-studied island-arc sections are unstable when equilibrated at pressures >1.0-1.5 GPa (i.e., beyond Moho depth in arcs and continents) (Figure 14) . That a gravitational process acts to density-filter the crust is suggested by the V P of lower crust, which is a proxy for density. We calculate the relation between density and V P (after Birch 1961), using two approaches (Supplemental Figure 4) , and find that the relation is insensitive to temperature in the 300-900
• C range. Figure 7 shows the resulting calculated densities of lower and lowermost crust in different tectonic settings. The average density of lower crust in most tectonic settings is ∼3.07 g/cm 3 ; the average density of the lowermost crust is 3.27 g/cm 3 . If upper mantle is considered to have a temperature-dependent density of ∼3.25-3.35 g/cm 3 at Moho depths (gray shaded region in Figure 7 ), then nearly all continental crust is buoyant with respect to upper mantle. That said, in shields, platforms, rifts, arcs, and volcanic plateaux, a fraction of lower crust could be denser than upper mantle.
The need for low upper mantle viscosity and density restricts significant lower crustal delamination to warm tectonic settings such as rifts and active arcs ( Jull & Kelemen 2001) Long-term change in the composition of the continental crust has conventionally been viewed as the result of two major subduction factory processes. (a) Mantle-derived magma introduced into volcanoplutonic arcs differentiates into an andesitic fraction that is retained in the crust and an ultramafic cumulate that becomes part of the mantle (Arndt & Goldstein 1989) . (b) Mafic rock at the base of a thick volcanoplutonic arc is converted into garnet granulite and sinks into the mantle (Herzberg et al. 1983 ). 
Figure 13
Gravitationally unstable layers 1-10 km thick can delaminate at Moho temperatures of 900 • C on a 1-10-Myr timescale. 
Figure 14
Calculated densities of median lower crustal lithologies relative to pyrolite mantle. Median amphibolite-and granulite-facies terrain compositions are gravitationally stable at all modeled pressures, whereas the median granulite-facies xenolith and arc lower crust compositions are unstable at P > 1-1.5 GPa and T ≥ 800 • C. Calculations were done with Perple_X for 0.5 wt% H 2 O and mineralogy held constant for T ≤ 700 • C; melting was not included.
perhaps continent collision zones; the presence of a dense, ultramafic lowermost crust and/or garnet-rich metamorphic rocks below 35 km in such settings (Figure 7c,d ) may, therefore, be ephemeral (Figure 13) . The upper mantle beneath shields and platforms and beneath orogens is likely too cold to permit development of a convective instability (Figure 13) . The presence of a high-V P lower crust beneath some shields and platforms (Figure 7a )-and the absence of a high-V P lower crust in Paleozoic-Mesozoic orogens (Figure 7b )-suggests that underplating of mantle-generated, mafic melts may have occurred beneath some shields and platforms (Korja & Heikkinen 1995; Rudnick & Gao 2003 , 2014 
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Figure 15
Four tectonic settings for continental refining via relamination. In all cases, depending on physical conditions, the relaminating layer may be thrust directly beneath existing crust; rise en bloc, perhaps in a subduction channel; or rise as diapirs through the mantle wedge. In all cases, there may be melting that produces a liquid that ascends well above the relaminating layer, and there may be residues that are either positively or negatively buoyant with respect to the adjacent mantle. recycled into Earth's mantle. Similarly, Scholl & von Huene (2007) estimated that 95% of subducted sediment is returned to the mantle. Because of the likelihood of relamination, for subducting, buoyant sedimentary layers more than ∼100 m thick ) this estimate may be far too large ).
Relamination Examples
There are several possible examples of relamination. The first suggested case of relamination of the felsic section of a subducting arc (Figure 15b ) comes from the Izu-Bonin-Mariana arc collision with the Honshu arc. The Honshu arc is intruded by intermediate to felsic rocks (Tanzawa tonalites and Kofu granitic complex) that are interpreted as part of the subducted Izu-Bonin-Mariana arc that partially melted and was relaminated (Tamura et al. 2010) . Relamination of the felsic section of a subducting continent (Figure 15d ) was suggested by Chemenda et al. (2000) , who proposed that the subducted upper crust of India is being relaminated to form lower crust of Tibet. The ultrahigh-temperature and ultrahigh-pressure crust of the Bohemian Massif (and perhaps much of the Variscan of Europe) is interpreted to be a felsic crustal layer that was relaminated beneath a denser layer and then rose as a gravitational instability . Two excellent examples of relaminated sediment (Figure 15a ) are (i ) the Pelona-type schists that underlie much of southern California, which are underthrust sediment derived by erosion of the overlying magmatic arc ( Jacobson et al. 2011) , and (ii ) the Triassic flysch that was thrust beneath the central part of Tibet during the Jurassic (Kapp et al. 2003) . The Pliocene ultrahigh-pressure rocks in Papua New Guinea, which are composed largely of Cretaceous volcanic rocks (Zirakparvar et al. 2012) , may be a third example. The North Qaidam ultrahigh-pressure terranes of central China and the Penninic Alps have been proposed to be amalgams of relaminated material removed by subduction erosion (Figure 15a ) (Stöckhert & Gerya 2005 , Yin et al. 2007 ). Relamination has also been produced in multiple analytical and computational models , Gerya & Meilick 2011 , Vogt et al. 2013 , Yin et al. 2007 ). Table 4 provides a set of endmember compositions for the lower and middle crust (mafic and felsic, high and low V P ) derived from the approach presented in Figures 8 and 9 . It also includes corresponding bulk crust compositions using these endmembers together with a 14-km-thick upper crust with the composition given by Rudnick & Gao (2003 , 2014 to produce a 39-km-thick crust appropriate for shields, platforms, and orogens ( Table 1) . The likely SiO 2 content of lower crust ranges from 49 to 62 wt% SiO 2 , and likely middle crust estimates range from 53 to 70 wt% SiO 2 ; these yield a corresponding range of bulk crustal compositions with 56-65 wt% SiO 2 .
REVISITING THE BULK COMPOSITION OF CONTINENTAL CRUST
For the more-felsic lower crust compositions, the concentrations of K, P, LREEs, and other highly to moderately incompatible trace elements differ from the lower crustal estimates of Rudnick & Gao (2003 , 2014 , in many cases by a factor of two or more. Our middle crust estimates are systematically depleted in incompatible trace elements compared with those of Rudnick & Gao (2003 , 2014 . For bulk crust, there is little difference between our estimates and the bulk crust composition estimates of Rudnick & Gao (2003 , 2014 .
As in the model adopted in most recent studies of continental crust, the mafic, median composition of continental granulite xenoliths remains a potentially significant component in lowermost continental crust. However, although this component is commonly treated as though it is similar to arc lower crust (e.g., Jagoutz & Schmidt 2012) and represents a residual or cumulate composition complementary to the more-felsic upper crust, in fact the origin of the granulite xenolith component is not simple to understand. First, it is not geochemically similar to arc lower crust (see Figure 3 and the associated text). Second, other than a marked depletion in U and Th and high Eu/Sm (indicative of residual or accumulated plagioclase), the granulite xenolith component has trace-element characteristics that are roughly parallel to those of continental crust, similar to LREE-enriched, HREE-depleted basaltic lavas in arcs such as the Aleutians 7. Relamination is a potentially important mechanism by which buoyant crustal material can be transformed into lower crust. In convergence zones, mafic rocks are dense enough to sink within mantle, whereas felsic rocks are positively buoyant and can relaminate the base of the upper plate crust. This can take place during sediment subduction, subduction erosion, subduction of arc crust, and subduction of continental crust. Estimated mass fluxes for these processes are sufficiently large that they could have refined the composition of the entire continental crust over the lifetime of Earth, leading to the present composition of the crust in many regions.
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